A filter-based single-wavelength photometer (Particle Soot Absorption Photometer, PSAP) for measuring light absorption by aerosols was modified to measure at three wavelengths, 467 nm, 530 nm, and 660 nm. The modified and an unmodified photometer were calibrated during the Reno Aerosol Optics Study (RAOS) 2002 against two absorption standards: a photoacoustic instrument and the difference between the extinction and scattering coefficient. This filter-based absorption method has to be corrected for scattering aerosol and transmission changes. A simple function for this was derived from the calibration experiment as a function of transmission and single-scattering albedo. For an unmodified PSAP at typical atmospheric absorption coefficients the algorithm yields about 5-7% lower absorption coefficients than does the usually used method. The three-wavelength PSAP was used for atmospheric measurements both during RAOS and during the New England Air Quality Study (NEAQS).
INTRODUCTION
Single-scattering albedo (ω 0 ), the ratio of light scattering to light extinction by atmospheric particles is an important parameter when assessing the climatic effects of aerosols. The optical properties of aerosols depend on the wavelength of radiation. Scattering coefficient (σ SP ) is routinely measured using a 3-wavelength instrument but absorption coefficient (σ AP ) is usually measured at one wavelength and ω 0 at other wavelengths is calculated by assuming a λ −1 wavelength dependency of σ AP . This may lead to errors in estimated aerosol radiative forcing because models need ω 0 as a function of wavelength (e.g., Heintzenberg et al. 1997; Bond 2001) . In the visible wavelengths black carbon (BC) is usually the most important light absorbing aerosol component (e.g., Horvath 1993) . The light absorption coefficient of small BC particles is approximately λ −1 over the visible band (e.g., van de Hulst 1957; Horvath 1993; Bergstrom et al. 2002) . However, other absorbing species have different wavelength dependencies. For instance ferrous oxide, present in soil dust particles, has quite a different wavelength dependence (Lindberg et al. 1993) as do different types of coal combustion particles (Bond et al. 2002) .
There are several methods for measuring absorption of light by aerosols. Descriptions and comparisons of methods are presented, e.g., by Clarke et al. (1987) , Horvath (1993) , Heintzenberg et al. (1997) , and Reid et al. (1998) . Real-time measurements of light absorption by aerosols are mainly done using two filter-based instruments, the aethalometer R (Hansen et al. 1984; Magee Scientific) and the Particle Soot Absorption Photometer (PSAP, Radiance Research, Seattle, WA). They are both improved versions of the Integrating Plate (IP; Lin et al. 1973 ) method. Recently a new continuous filter-based method has been presented, the Multi-Angle Absorption Photometer (Petzold et al. 2002 Petzold and Schönlinner 2004; MAAP, Andersen Instruments) .
Filter-based methods are easy to use, relatively inexpensive and suitable for unattended use. However, they have to be calibrated using some direct, absolute method for measuring light absorption. The most direct method for doing this is measuring the difference between extinction and scattering coefficient (coefficients (e.g., Gerber 1982; Horvath 1993; Heintzenberg et al. 1997) . This has been used as the absorption standard by Horvath (1997) who calibrated the IP; Bond et al. (1999) , who calibrated the PSAP; and most recently by Weingartner et al. (2003) , who calibrated the aethalometer during the Aerosols: Interaction and Dynamics in the Atmosphere (AIDA) soot characterization campaign in 1999. Arnott et al. (2005) have evaluated aethalometer data from RAOS using a two-stream radiative transfer model for the multiple scattering enhancement that occurs for particles on filters. A compact analytical approximation was obtained for the effects of both filter loading and the offset due to scattering aerosol. The approximate model is not directly applicable to the PSAP because the optical transmission through filters used for the PSAP is more than double that of filters used on the aethalometer, and the spectral dependence is much greater for the PSAP.
Until now, the PSAP has only been available in one wavelength. This article discusses the modification of the PSAP so that it measures light absorption at three wavelengths close to those of the three-wavelength nephelometer (TSI model 3563, St Paul, MN, USA). Several prototypfe three-wavelength PSAPs have since been made at the University of Washington and are available commercially. A modified PSAP and an unmodified single-wavelength PSAP were calibrated during the Reno Aerosol Optics Study 2002 (RAOS 2002) . The objectives of the campaign were to characterize new and existing instruments for measuring aerosol light absorption and extinction, quantify the uncertainty in the measurements of aerosol light-absorption coefficient, and derive methods for determining spectral aerosol absorption from multiwavelength measurements of absorption. At RAOS two absorption standards were used: (1) the difference between extinction and scattering coefficient, measured with an optical extinction cell and an integrating nephelometer; and (2) absorption measured using a photoacoustic instrument (Arnott et al. 1999) . Results from RAOS are presented also in companion papers by Sheridan et al. (2005) , Petzold et al. (2005) , and Virkkula et al. (2005) .
The goal of this article is to present the three-wavelength modification of the PSAP and analyze its performance in real atmospheric aerosol measurements. Basic principles of filter-based absorption measurements are presented first. Next, some technical details of the PSAP modification are discussed, and then data from the RAOS calibration experiment. The calibration experiment data are used for deriving empirical formulas for calculating absorption coefficient from the PSAP raw data. Using these formulas, the wavelength dependency of absorption coefficient of both laboratory-generated and real atmospheric aerosols is calculated. The modified PSAP was used for measuring real atmospheric aerosols first during RAOS and then during the New England Air Quality Study (NEAQS). The symbols used in the paper are presented in Table 1 .
BASIC FORMULAS
A filter-based absorption measurement can be made by drawing air through a filter and measuring the decrease of light transmission through the sampling area (e.g., Lin et al. 1973) . In principle the absorption coefficient for such a method can be derived (e.g., Weingartner et al. 2003 ) from the Beer-Lambert law as
where A is the area of the sample spot, V is the volume of air drawn through the spot area during a given time period t, and I t− t and I t are the filter transmittances before and after the time period. This is the principle of both the aethalometer and the PSAP. However, Equation (1) does not give the absorption coefficient directly because of various inherent error sources. Both scattering and absorbing particles collected on the filter alter the internal reflection of the filter in a way that increases the absorption of the aerosol/filter combination (Clarke 1982; Clarke et al. 1987; Petzold et al. 1997; Horvath 1997; Bond et al. 1999 ). There are several methods for handling these effects see references by Bond et al. (1999) and Weingartner et al. (2003) . Lindberg et al. (1999) investigated this problem theoretically using the Kubelka-Munk theory and showed that light attenuation through a filter sample is a function of scattering and absorption properties of the particle layer and the reflectance of the filter. In the MAAP this problem is solved by measuring the decrease of transmission and also light scattering from the aerosol-filter system. The data evaluation algorithm includes multiple-scattering effects into the analysis of the aerosol-filter system (Petzold et al. 2002 . In calibrating the modified PSAP, the approach by Bond et al. (1999) was followed to determine the correction factors. The approach is strictly empirical; no scattering theory is used. First, the relationship between the true absorption coefficient and transmission decrease changes as the filter gets darker. This relationship is taken into account by the transmission correction function f(Tr). Second, the presence of purely white, light-scattering aerosol also decreases transmission through the filter. Without any information on the scattering coefficient, σ SP , in the sample air this effect would be interpreted as absorption (called the apparent absorption in the rest of the work). The apparent absorption will be corrected by subtracting a fraction of the scattering coefficient from the absorption coefficient. This fraction is determined in the calibration, and it is called the scattering correction factor, s. Taking these two factors into account, the absorption coefficient may be calculated from
[2] Bond et al. (1999) discussed both f(Tr) and s for an unmodified single-wavelength PSAP. In this work the f(Tr) and s will be derived both for the three-wavelength PSAP and a single-wavelength PSAP. In the rest of the work the absorption coefficient calculated using Equation (2) will be written as 
PSAP MODIFICATION

Hardware Modifications
A schematic picture of the single-wavelength PSAP was presented by Bond et al. (1999) . The main modifications of this instrument consist of (1) replacing the original green LED with blue, green, and red LEDs; (2) replacing the light source block; (3) replacing the light detectors; and (4) adding a control circuit that switches the LEDs on and off in a cycle. Figure 1 shows details of the three-wavelength PSAP light source block. The light source is a 55 mm high and 25 mm diameter aluminum cylinder. At the top of the cylinder, three LEDs are attached in a row. The blue LED is in the middle and the higher intensity red LED is placed to the side in order to get the signal levels more or less within the same range. The blue, green, and red LEDs were AND520HB, AND520HG, and AND180CRP, respectively (AND R Purdy Electronics, Sunnyvale, CA, USA). Both signal and reference detectors were changed so that they would respond better to the full wavelength range. The new detectors were silicon photodiodes (Hamamatsu, S2387-66R) that have an active area size 5.8 mm × 5.8 mm.
The effective wavelength of the LED-photodiode detector combination was measured at University of Washington using a Beckman model-B spectrophotometer calibrated to Hg lines and a HeNe laser. The detector-weighted average wavelengths were determined to be 467 nm, 530 nm, and 660 nm, respectively . The effective wavelength of an unmodified PSAP was also measured at UW using the same procedure as for the three-wavelength PSAP. It was determined to be 574 nm, and this wavelength will be used in the rest of this article. The effective wavelength of the unmodified PSAP used at RAOS is assumed to be the same 574 nm as for unit that was measured at UW.
Below the LEDs there are two 25 mm holographic diffusers (Edmund Industrial Optics; HD1, circular diffusing angle 25
• ; Figure 1 . Schematics of the light source, filter, and detector blocks of the 3λPSAP. R, B, and G, LEDs (λ = 660 nm, 467 nm, and 530 nm, respectively); HD, holographic diffuser; W, window; FH, filter holder; SF, sample filter; RF, reference filter; SD, signal detector; RD, reference detector. Dimensions are in mm.
HD2, elliptical diffusing angle 5
The purpose of the diffusers is to spread the light as uniformly as possible over the two light path apertures. At the bottom of the light source block there is an antireflection coated window (Edmund Industrial Optics, B270, 25 mm diameter, 2 mm thick, 1/4 wave MgF 2 ). The purpose of the window is to seal the light source block from the sample air path. The transmission or these windows is greater than 90% from 200 nm to 6 µm.
Software
An external program sent signals to the SSRs to switch the LEDs on and off. The program cycles the LEDs with a userdefined cycle time, minimum 6 s. The output of the PSAP was read through a serial port. The program used time, flow, signal, and reference detector outputs of the original PSAP. The transmission and absorption coefficient data calculated in the PSAP firmware were not used.
The purpose of the reference detector is to account for variations in light intensity, and the calculation of filter transmission is based on the decrease of the signal-to-reference detector ratio over time. Transmission depends on wavelength, and it has to be calculated separately for each wavelength from the raw data as:
where SIG and REF are the sums of Signal and Reference detector outputs during the summing period, and time t = 0 is the time of changing the filter. ( SIG) t=0 and ( REF) t=0 are the sums of the signal and reference detector output after the summing period that started at t = 0, and ( SIG) t and ( REF) t are the sums of the signal and reference detector outputs after the summing period that started at time t. Next the program calculates the absorption coefficient from
where t is the summing period. For instance, if t = 6 s is the total cycle time, time resolution is 18 s. However, the first second of the data was always discarded because heating the LED to a stable intensity and wavelength takes time. So, actually for the 18 s cycle time the sums included 5 s of data. The transmission correction function in the firmware of the unmodified PSAP (Bond et al. 1999 ) is
This was used in the software for all wavelengths as a first approximation to facilitate comparison of the modified PSAP with the unmodified one-wavelength PSAP during the calibration experiments. According to the calibration of Bond et al. (1999) the f(Tr) presented in Equation (5) should further be multiplied by a spot size correction factor and divided by a calibration constant. For details see Bond et al. (1999) and Sheridan et al. (2005) .
Spot Sizes
Two PSAPs were calibrated against the standards, the threewavelength PSAP (3λPSAP) and an unmodified PSAP. The spot diameters (cf. Equation (1)) of both PSAPs were measured using the same procedure. Four people each did 10 measurements of three filters sampled with the PSAPs using an ocular eyepiece. The average of the 3λPSAP spot diameters was 4.92 mm, and the average of unmodified 1λPSAP spot diameters was 5.017 mm. The ratio of the largest to smallest average spot diameter for each of the three filters varied between 1.035 to 1.043. This means that the four people got an approximately 4% agreement on the diameter, yielding an 8% uncertainty in the spot area, and thus the resulting absorption coefficient without independent calibration.
Noise Test
The instrumental noise of the 3λPSAP was measured by sampling filtered, particle-free air. The absorption coefficient was calculated before scattering correction, i.e., using Equation (4). The cycling time of the LEDs was set to 6, 9, 15, 30, and 60 s. The cycling time was kept constant for a period of 30 min, then changed. When the cycling time was set to 60 s the filtered-air period was set to 60 min. The data were averaged for 1 min periods, and the standard deviation and the peak-to-peak difference over the period was calculated. The results are presented in Table 2 . For instance, when the cycling time was set to 6 sec, the standard deviation of 1-min-averaged absorption coefficients at 530 nm was 0.5 Mm −1 and the peak-to-peak difference 2.1 Mm −1 . The noise is reduced when the cycling time is increased, the lowest noise was observed when the cycling time was set to 60 s. The blue LED was the noisiest, the red the most stable. The noise of the absorption coefficient calculated from Equation (2) is higher than those in Table 2 because of the scattering correction that introduces noise of the scattering coefficient to the data.
PSAP CALIBRATION
During the RAOS 2002, absorbing and scattering aerosols were produced at several concentrations and delivered to all measurement instruments. The setup and the experiments are discussed in detail in a companion article by Sheridan et al. (2005) . The absorbing aerosols used were soot from a kerosene lamp, graphite from a carbon vane pump, and soot from a diesel generator. The scattering particles were ammonium sulfate produced using an ultrasonic nebulizer and polystyrene latex spheres. In the following text, the RAOS test aerosols that were nonabsorbing, i.e., ammonium sulfate (AS) and polystyrene latex, will be called white, the kerosene soot aerosols will be called black, and the mixtures of white and black aerosols will be called grey. The data from the experiments where black aerosol was produced with carbon vane pump and diesel generator are not used in this work.
Absorption Standards
At RAOS two absorption standards were used: the photoacoustic method (PA) that measures absorption at 532 and 1047 nm (Arnott et al. 1999 (Arnott et al. , 2003 , and the difference between extinction coefficient and scattering coefficient (σ AP = σ EP − σ SP ). The extinction coefficient was measured using an optical extinction cell (OEC) ) that measures at the same wavelengths as the 3λPSAP. The scattering coefficient was measured using a TSI three-wavelength nephelometer (Model 3653 TSI, St. Paul, MN, USA) that measures at 450 nm, 550 nm, and 700 nm.
The absorption coefficients from the PA and the scattering coefficients from the nephelometer were interpolated to the LED wavelengths λ x according to σ x = σ 1 (λ 1 /λ x ) α 12 , assuming a constantÅngström exponent α 12 = − log(σ 1 /σ 2 )/ log(λ 1 /λ 2 ) between wavelengths λ 1 and λ 2 and extrapolated assuming it stays the same also beyond these wavelengths. The uncertainty due to this assumption can be estimated from the two absorption standards. In general theÅngström exponent of the absorption coefficient calculated from the difference method, α AP (σ EP −σ SP ) was slightly smaller than that calculated from the PA data α AP (PA) . For instance, in the highly absorbing range (σ AP > 300 Mm −1 ) the average α AP (σ EP − σ SP ) between the wavelengths 467 and 660 nm was 0.98, and the average α AP (PA) was 1.12. The noise of the 1 min α AP (PA) data was ∼0.03 in the range σ AP > 300 Mm −1 , ∼0.4 in the range 5-20 Mm −1 , and ∼1.4 in the range < 5 Mm −1 . The noise of the α AP (σ EP − σ SP ) was much higher in the less-absorbing ranges. The uncertainty of σ x due to uncertainty in α 12 can be estimated from δσ x = |σ 1 (λ 1 /λ x ) α 12 ln(λ 1 /λ x )|δα 12 ⇔ δσ x /σ x = |ln(λ 1 /λ x )|δα 12 . The average α AP was ∼1.0 ± 0.2. When extrapolating σ AP from 532 to 467 nm, the uncertainties of α AP thus result in σ AP uncertainties of ∼1.5% in the range σ AP > 300 Mm −1 , ∼6% in the range 5-20 Mm −1 , and ∼20% in the range < 5 Mm −1 . The overall uncertainties are higher, but these figures are only those due to the uncertainty of α AP .
The noise of the absorption coefficient calculated as the standard deviation of (σ EP − σ SP ) from 1 min averaged white aerosol data was about 10, 11, and 5 Mm −1 for the blue, green, and red wavelengths, respectively . The performance of the PA was discussed by Arnott et al. (1999) . The broadband acoustic and electronic noise of the PA is 0.4 Mm −1 at 8 min averaging time when using a laser power 60 mW (Arnott et al. 1999) . The noise of the PA varies inversely with laser power and inversely with the square root of the averaging time. At RAOS the PA laser power was 35 mW. Using the above relationships yields a noise level of approximately 1.9 Mm
for the PA at the 1 min averaging time used in the present work.
In general the two methods agreed well, within ∼3-7%, depending on wavelength . Since there was no way of knowing a priori which of these two methods is better, it was decided to use the average of the photoacoustic measurement and the difference method as the reference absorption coefficient against which to calibrate the PSAP. The absorption standard measurement methods are discussed more in companion articles Virkkula et al. 2005 ).
EMPIRICAL TRANSMISSION CORRECTION FUNCTION
As a first approximation the formulas obtained by Bond et al. (1999) were used for all PSAP measurements. The results show that these formulas work fairly well; the regression lines are close to the 1:1 line, especially for the nonmodified PSAP in the low absorption range (Figure 2 ). In principle a simple slope-andoffset correction might be enough for a calibration of both the 1λPSAP and the 3λPSAP. However, there are clear deviations.
For the 3λPSAP all grey aerosol data points are above the 1:1 line, whereas most black aerosol data are below the line. For the 1λPSAP, the grey aerosol data are close to the 1:1 line but the black aerosol data below are the line. An explanation for these observations is required. Since a reference absorption coefficient σ AP was available, the transmission correction function was calculated from Equation (2). This is the measured transmission correction function:
It is plotted against Tr for the 3λPSAP λ = 530 nm in Figure 3 . Also, the transmission function of the PSAP firmware (Equation (5)), multiplied by the correction factors obtained by Bond et al. (1999) , is plotted in Figure 3 for comparison. This function is referred to as f(Tr, B1999). For the grey aerosols f M (Tr) < f(Tr,B1999), and for low ω 0 they intersect at one point, which explains the black aerosol points in Figure 2 that fall on the 1:1 line.
The shape of the plots is similar for all wavelengths. A logarithmic function f(Tr) = k 0 + k 1 ln(Tr) fits the black aerosol data well (Figure 3a) , and σ AP (PSAP) can be calculated from
[7]
There were three experiments with black aerosol (experiment codes 166 5, 168 2, and 170 1). The average reference absorption coefficient (λ = 530 nm) in these experiments was 159 Mm −1 , 83 Mm −1 , and 596 Mm −1 , respectively, and still all the f M (Tr) points follow the same line (Figure 3a ). This suggests that the f(Tr) is independent of absorption coefficient. The values for k 0 , k 1 , and s were obtained by an iterative procedure. First, the value obtained by Bond et al. (1999) for the scattering correction factor s was used, and the two constants k 0 and k 1 were fit using the black aerosol data. Then, using the obtained f(Tr), a new value for s was found by fitting to the ammonium sulfate experiments. These steps were repeated as long as k 0 , k 1 , and s changed. The values converged after two or three iterations. Finally, the 95% confidence intervals for k 0 and k 1 were obtained from by noting that f(Tr) can be linearized to k 0 + k 1 X. The confidence intervals can be obtained for the slope and offset based on T distribution. The linear regression was done both
Table 3
Constants for the equation σ AP (PSAP) = (k 0 + k 1 (h 0 + h 1 ω 0 )ln(Tr))σ 0 − sσ SP . The fitting was done using the average of σ AP (PA) and σ AP (σ EP − σ SP ) as the absorption standard. For k 0 , k 1 , h 0 , and h 1 , the errors are the 95% confidence limits. For the scattering correction factors s a range is given, calculation described in text.
for all wavelengths separately and for all three wavelengths of the 3λPSAP together. The 1λPSAP regressions were done separately. The results are presented in Table 3 . The constants k 0 and k 1 for 467 nm and 530 nm are not significantly different. The 660 nm k 1 constant is most clearly outside the 95% confidence interval obtained from the fit to all three wavelength data. The 1λPSAP k 0 and k 1 constants are significantly different from those obtained for the 3λPSAP.
For grey aerosols, f M (Tr) clearly deviates from that of the black aerosols (Figure 3 ). To find a relationship between f(Tr) and the darkness of the aerosol, the data were classified according to single-scattering albedo ω 0 , and the same type of function was fit again. For the aerosols with ω 0 < 0.9, a logarithmic f(Tr) fits well, but with increasing ω 0 the correlation coefficient decreases (Figure 3b ). For grey aerosols at ω 0 > 0.9 there is no clear correlation, which is due to a small denominator (σ 0 ) and noise at low σ AP in Equation (6).
Two important observations can be made from the logarithmic curves (Figure 3b ): factor k 0 remains close to constant but k 1 decreases with increasing ω 0 , and the relationship between k 1 and ω 0 is linear (Figure 4 ). Thus, a new form for the transmission correction function can be written:
and absorption coefficient is then calculated from
A 95% confidence interval was calculated for the constants k 0 and k 1 and also for the constants h 0 and h 1 (Table 3) . For the scattering correction factors, s(λ), a range is given in Table 3 . The procedure for obtaining the range will be discussed below.
There is a problem in Equation (9); in order to calculate the absorption coefficient, the single-scattering albedo has to be known, and for that the absorption coefficient has to be known. This can be solved by a simple procedure:
1. Calculate σ AP (PSAP) using Equation (7). 2. Calculate an estimate of ω 0 using this absorption coefficient. 3. Calculate σ AP (PSAP) using Equation (9). 4. Repeat (2) and (3) until σ AP (PSAP) does not change significantly. The convergence depends on Tr and ω 0 . Using the values presented in Table 3 , it can be shown that at Tr > 0.5 and ω 0 > 0.3 the algorithm converges and at usual atmospheric conditions already after the first iteration. For instance, assume that at λ = 530 nm σ SP = 100 Mm −1 , σ 0 = 50 Mm −1 , and Tr = 0.8. After procedure steps (1) and (3) (2) and (3) yields σ AP (PSAP) = 16.46 Mm −1 , a change of ∼0.6%. The RAOS PSAP data were processed using this algorithm. After one iteration most data points moved close to the 1:1 line, and linear regressions yielded slopes close to one for all wavelengths ( Figure 5 ). For the 3λPSAP the average h 0 = 1.21 and h 1 = −0.86 (Table 3) were used for all three wavelengths in Equation (9) Figure 5b . The remaining deviations from the 1:1 line are now more probably due to noise in the reference absorption than in the PSAP. For an example of this, data from three experiments, 165 1A, 168 5, and 172 6 are highlighted in Figure 5b for 467 nm. The PSAP data remained close to constant, while the reference absorption varied about ±5 Mm −1 around the average, which is approximately the noise level of the absorption standard discussed above. When one type of aerosol is produced during an experiment, it is probable that ω 0 remains constant. In experiment 168 5, ω 0 was much more stable when calculated from the PSAP data than from the reference absorption, which supports the statement above ( Figure 6 ). 2. The goodness of the regression, as presented by R 2 , increases significantly for regressions using the whole data, from about 0.95 using the Bond et al. (1999) formulas to about 0.997 using Equation (9), but it does not change significantly in the absorption range σ AP (467 nm) <60 Mm −1 (Figures 2 and 5 ). 3. For the nonmodified PSAP, the two methods yielded almost the same regression constants in the absorption range σ AP (467 nm) <60 Mm −1 (Figures 2b and 5b) . (1999) formulas and Equation (9). The error values are the 95% confidence limits for the slopes and offsets. The slopes and offsets do not overlap within the 95% confidence limits, so the two methods significantly differ statistically. However, the uncertainty of the reference absorption in the low absorption range is larger than the difference between the two algorithms. Therefore, in this range these data do not give unambiguous support for either method.
Apparent Absorption by Purely Scattering Aerosol
The transmission correction function was derived above using a constant scattering correction factors. If s were constant, using the right value of s in Equation (9) should yield zero absorption for white aerosol. However, a constant value does not work perfectly. Apparent absorption by white aerosols is a function of scattering coefficient, but this function also depends on the aerosol type: ammonium sulfate and polystyrene latex spheres (PSL) yield different apparent absorptions (Figure 7) . A possible explanation is that the penetration depth of the particles to the filter material depends on particle size. The PSL particles' size distribution was more monodisperse (D p = 0.5 µm) than that of the ammonium sulfate particles, produced using an ultrasonic humidifier (Sheridan et al. 2004 ). However, an explanation of this requires a theoretical treatment which is outside the scope of the present article. The apparent absorption is also a function of transmission (Figure 8 ), which suggests that Equation (9) should be changed further so that the scattering cor- Figure 8 . PSAP data from ammonium sulfate experiment 177 3. (a) Apparent absorption coefficient after using Equation (9) as a function of transmission. (b) Apparent-absorption-to-scattering-coefficient ratio, in %. rection factor s would be a function of transmission, s = s(Tr). However, to keep the calculation procedure as simple as possible, only a range for s was estimated. The maximum s in each wavelength is the value that results in zero apparent absorption in the data point where σ AP (PSAP)/σ SP was largest and the minimum s is the value that results in zero apparent absorption in the data point where σ AP (PSAP)/σ SP was smallest. For instance, for λ = 530 nm the minimizing procedure yields s = 0.016, but the minimum and maximum values are 0.011 and 0.023 when using the k 0 , k 1 , h 0 , and h 1 values presented in Table 3 . The ranges of s for all wavelengths are presented in Table 3 . The ratio of apparent absorption to scattering coefficient in experiment 177 3 was about ±0.5% (Figure 8b ), which yields an uncertainty of approximately ±0.005 σ SP to the absorption coefficient. In typical polluted air, scattering coefficients vary between 50 and 200 Mm −1 , so the uncertainty of absorption coefficient due to the uncertainty of s varies between ∼0.25 and 1 Mm −1 .
Wavelength Dependence of Absorption Coefficient of Laboratory-Generated Aerosol
TheÅngstom exponent of the absorption coefficient α AP was calculated from the 3λPSAP data between 467 and 660 nm. The average and 5th and 95th percentiles (in parentheses) of α AP (PSAP) and α AP (reference absorption) for the black aerosol experiments were 1.02 (0.94-1.17) and 1.09 (1.04-1.14), respectively. For the grey aerosol experiments at σ AP < 100 Mm for the grey aerosols, 1.10 (0.58-1.43). For the grey aerosols the range ofÅngström exponents was clearly the smallest, using the PSAP data (Figure 9b ).
In the grey aerosol experiments the absorbing aerosol was the same, kerosene soot, as in the black aerosol experiments. Therefore α AP should be the same for both types of experiments. This is the case for the average α AP (PA), but not for α AP (PSAP). This and the observation that α AP (PSAP) decreases slightly with decreasing transmission, ∼0.1 from Tr = 1 to Tr = 0.7 (Figure  9b) , show that the algorithm should still be improved. Possible ways would be, e.g., application of the Kubelka-Munk theory discussed above (section Basic formulas), or the two-stream radiative transfer model developed by Arnott et al. (2005) for the aethalometer.
ATMOSPHERIC AEROSOL EXPERIMENTS
RAOS Ambient Air Experiment
The first test of ambient aerosol measurements with the 3λPSAP was conducted during RAOS when most instruments were set for sampling ambient air over weekend, DOY 174-175.6 (day of the year in UTC), experiment 174 1. The OEC was not measuring, so reference absorption was provided by the photoacoustic instrument alone. The green scattering coefficient varied between ∼10 and 25 Mm −1 and the absorption coefficient between ∼0.5 and 5 Mm −1 before the high absoption peak on Monday morning at DOY ∼175.6 (Figure 10 ). + 0.5 Mm −1 , R 2 = 0.8. However, if only those data points are considered where σ AP (PA) < 10 Mm −1 and transmission was high (Tr > 0.7), the absorption coefficients were practically uncorrelated: the linear regression yields σ AP (PSAP) = 0.4 × σ AP (PA) + 1.8 Mm −1 , R 2 = 0.3. The low correlation coefficient is most probably due to the noise of the photoacoustic instrument, which is supported by the observation that α AP (PSAP) was almost constant compared with α AP (PA) (Figure 11) . The average (5th to 95th percentiles) of α AP (PSAP) and α AP (PA) were 1.00 (0.58-1.34) and 1.80 (−0.86-4.56), respectively. The wavelength dependence of single-scattering albedo was weaker than that of either scattering or absorption. The averageÅngström exponent of ω 0 , α(ω 0 ), was 0.13 ± 0.07 over the whole outdoor air experiment and 0.10 ± 0.03 when Tr > 0.7.
The 1λPSAP data were processed using the algorithm presented above and that presented by Bond et al. (1999) . The absorption coefficients derived using these two methods agreed well for the RAOS ambient aerosol experiment data (Figure 12 ). The differences between these methods are large, with lower ω 0 and higher σ AP as in the laboratory-generated aerosol experiments.
NEAQS
The second outdoor air experiment was conducted during the New England Air Quality Study (NEAQS) onboard the NOAA research vessel Ronald Brown in July-August 2002 . The cruise consisted of two legs, but only the second-leg data are discussed here. The instruments were used in a NOAA-PMEL measurement container together with a TSI 3λ Nephelometer and two 1λ PSAPs . The absorption coefficients were calculated using the procedure described above. The 1λPSAP data were processed both with the 1λPSAP constants and with the 3λPSAP constants (k 0 , k 1 , s, g 0 , and g 1 ) derived at RAOS. When using the 1λPSAP constants the 574 nm, absorption coefficients were about 16% higher than the 530 nm values. When using constants of the 3λPSAP interpolated to 574 nm, the 1λPSAP yielded about 2% higher values than at 530 nm Also, these 1λPSAP values are high or else the 3λPSAP values are too low, because σ AP (λ = 530 nm) should be approximately 8% higher than σ AP (λ = 574 nm), assuming α AP = 1. Bond et al. (1999) estimated that the unit-tounit variability of the PSAPs is within ±6% of 95% confidence, so the difference of the 1λPSAP and the 3λPSAP at NEAQS is almost within these limits if the interpolated calibration constants are used for the 1λPSAP. It also has to be kept in mind that the spot diameters were determined with approximately 4% uncertainty, which results in approximately 8% uncertainty in the spot area and thus the absorption coefficients. Figure 12 . Absorption coefficient during RAOS outdoor experiment calculated from the 1λPSAP data using the method by Bond et al. (1999) and the method derived in this work. Using the 3λPSAP and the nephelometer data, theÅngström exponents of scattering, absorption, and single-scattering albedo were calculated. Time series are shown in Figure 13 . There was some variation of α AP with transmission (Figure 14a ), but at high transmissions it was was almost constant. For Tr > 0.8 and σ AP > 0.5 Mm −1 , average α AP (and 5th and 95th percentiles) was 1.19 (0.92-1.63 ). This is slightly higher than during the RAOS ambient air experiment, suggesting that the 82 A. VIRKKULA ET AL. absorbing aerosol at these two locations were different. This is also supported by the different wavelength dependence of single-scattering albedo during NEAQS from that during the RAOS ambient air experiment. During NEAQS, α(ω 0 ) varied from close to zero to about 0.4 (Figure 13 ). Before DOY 219 the average ± standard deviation of α(ω 0 ) was 0.04 ± 0.04 and after DOY 219 0.22 ± 0.11.
SUMMARY AND CONCLUSIONS
A single-wavelength PSAP was modified to measure light absorption coefficient at three wavelengths. The main changes were adding a light source block and new detectors that work well for the whole wavelength range. The modified PSAP and an unmodified PSAP were calibrated against a reference absorption that was calculated as an average of two absorption standards, the difference between extinction and scattering coefficient, and a photoacoustic instrument.
The uncorrected absorption coefficients have to be multiplied by a transmission correction function that is a function of single-scattering albedo. This leads to a problem, because the absorption coefficient has to be known in order to calculate single-scattering albedo. This was solved by a simple iterative procedure that converges in one or two steps. The algorithm could still be improved, though. The Kubelka-Munk (KM) theory could be used as suggested by Lindberg et al. (1999) to find the best solution for the data processing. However, the use of the KM theory also requires information on the reflectance of the filter, which was not measured. An additional complication for the use of the KM theory would be that the filter material used in the PSAP consists of two layers, the reflectances of which are not equal.
The transmission correction functions and scattering correction factors reported here for the unmodified PSAP are different from those obtained by Bond et al. (1999) , and there is no simple linear correction formula to change from one to the other. However, for typical atmospheric aerosol, such as the RAOS outdoor air experiment, these two methods differ only by about 6%. The results presented in this work were derived using quite a different absorbing aerosol than Bond et al. (1999) , who used nigrosin, and still they are very close, which suggests that the absorption calibration does not significantly depend on the absorbing material. For the scattering correction factor, Bond et al. (1999) obtained a value (0.02 ± 0.02)/1.22 ≈ 0.016 ± 0.016. The measurements in this work reduce the uncertainty of this factor. For instance, for the unmodified PSAP the factor was ∼0.023 ± 0.006. For the 3λPSAP the scattering correction factor increased with wavelength slightly but clearly, from ∼0.013 at 467 nm to ∼0.020 at 660 nm. This wavelength dependence is somewhat counterintuitive: shorter-wavelength light scatters more so the intuitive conclusion would be that the scattering correction factor should increase towards shorter wavelengths. It may have something to do with the cellulose background support structure of the filter material. This remains to be explained. The calibration factors depend on the filter material, so if other filter materials are used, a new calibration should be done.
The performance of the 3λPSAP in atmospheric aerosol measurements was tested both at RAOS and in a field experiment during New England Air Quality Study (NEAQS) onboard the NOAA research vessel Ronald Brown in July-August 2002. The absorption coefficients were calculated from the PSAP raw data using the transmission correction functions obtained from the laboratory experiment. The averageÅngström exponent of absorption coefficient in the RAOS outdoor experiment was 1.00, but 1.18 at NEAQS. The spectral variation of ω 0 was used to distinguish aerosol types. TheÅngström exponent of single-scattering albedo, α(ω 0 ), at RAOS outdoor experiment was 0.10 ± 0.03 when transmission was >0.7. During NEAQS, average α(ω 0 ) was 0.04 ± 0.03 during the first week of the second leg of the cruise and clearly higher, 0.22 ± 0.11, during the last two days of the cruise.
